Introduction {#s1}
============

Parkinson's disease (PD) is the most common movement disorder with a long prodromal phase and risk of progression to dementia. Disease progression broadly correlates with the evolution of Lewy body and neuritic pathology,[@R1] which involves the intraneuronal accumulation and aggregation of α-synuclein.[@R2] In contrast, predominantly oligodendroglial α-synuclein accumulation is the primary neuropathological feature of multiple system atrophy (MSA), a life-limiting condition characterised by extrapyramidal, cerebellar and autonomic symptoms.[@R2] Accurate measurements of neuron-associated α-synuclein could be a useful biomarker in the prediction or differential diagnosis of PD and especially attractive for the objective assessment of novel drugs currently in clinical trials, that lower α-synuclein for disease modification. Although cerebrospinal fluid (CSF) total α-synuclein is reduced in patients with PD compared with controls,[@R3] meta-analyses showed an unsatisfactory diagnostic accuracy with a pooled sensitivity between 78% and 88% and a specificity between 40% and 57%.[@R4]

Currently, there is no blood test in clinical practice that can either predict risk or reliably distinguish PD from atypical parkinsonian syndromes. α-Synuclein is present in peripheral fluids[@R5] but its concentration in blood is strongly influenced by red blood cells, which are the source of \>99% of the protein.[@R6] For this reason, blood content of free total α-synuclein in PD patients is of limited utility,[@R7] partly due to contamination with red cell haemolysis. An alternative approach is the quantification in blood of the fraction of α-synuclein that is released from neuronal tissues such as α-synuclein in neuron-derived extracellular vesicles. Exosomes are endosome-derived small extracellular vesicles (40--120 nm) released by most cell types including neurons.[@R7] Circulating exosome composition and function is altered in PD[@R8] and neuron-derived exosomes isolated from plasma contain disease-associated proteins, including α-synuclein.[@R9]

A major challenge in translating neuron-specific exosomal α-synuclein measurements in blood into a clinically useful test is the separation of exosome subpopulations in complex biological fluids from contaminants, including α-synuclein derived from peripheral sources. Previous studies in a small number of patients or single cohorts have yielded variable results and overall low performance.[@R9] In this study, we generated an improved assay to immunocapture serum neuronal exosomes and assess their clinical utility across the spectrum of Parkinson's pathology and atypical parkinsonian syndromes.

Materials and methods {#s2}
=====================

Patient populations {#s2-1}
-------------------

A total of 664 subjects were included in this study ([table 1](#T1){ref-type="table"}). Serum samples and clinical data were collected from patients with polysomnographically confirmed rapid eye movement sleep behaviour disorder (RBD) (n=65), PD (n=275), dementia with Lewy bodies (DLB) (n=21), MSA (n=14), frontotemporal dementia including the behaviour variant or primary progressive aphasia (FTD, n=65), progressive supranuclear gaze palsy (PSP) (n=35) and corticobasal syndrome (CBS) (n=45) and healthy controls (HC, n=144,). Patients and controls were recruited from three different centres: The Oxford Parkinson's Disease Centre Discovery cohort is a prospective cohort of recently diagnosed patients with PD who were recruited from 11 hospitals in the Thames Valley region between September 2010 and January 2016. Full details of the discovery cohort and full inclusion/exclusion criteria have been published elsewhere.[@R11] MSA patients were recruited from a specialist MSA clinic in Oxford as part of the Discovery cohort. The Kiel-PD cohort is a cross-sectional cohort of patients with PD and HC recruited at the Department of Neurology, Christian-Albrechts-University Kiel, Germany between 2013 and 2019. Full details of the Kiel-PD cohort were published previously.[@R12] Longitudinal samples were collected from the Oxford Cohort in three follow-up visits for PD patients over a period of 40.3±8.5 months and two visits for controls 18 months apart. Patients with PD, DLB, FTD, PSP and CBS were also recruited at the Centre for Neurodegenerative Disorders and the Centre for Movement Disorders, Neurology Unit, University of Brescia, Italy. Full details of the Brescia cohort and inclusion/exclusion criteria have been published elsewhere.[@R13] Diagnostic criteria were uniformly applied across cohorts for PD,[@R14] probable PSP[@R15] CBS,[@R16] MSA,[@R17] DLB[@R18] and FTD.[@R19] Demographic comparisons are shown in [online supplementary table 1](#SP1){ref-type="supplementary-material"}. We also used sera from neuropathologically confirmed cases of DLB with relatively pure α-synuclein pathology (n=10) and HC (n=10) that were recruited as part of the OPTIMA study. These patient studies were approved by the corresponding local Hospital Ethics Committees. Written informed consent was obtained from all participants or their caregivers.

10.1136/jnnp-2019-322588.supp1

###### 

Summary of individual cohort characteristics and concentrations of exosome markers

                                RBD                 PD           PDD          DLB          MSA         HC           FTD          PSP         CBS         
  ----------------------------- ------------------- ------------ ------------ ------------ ----------- ------------ ------------ ----------- ----------- ----
  Oxford                        No of individuals   65           48           26           10\*        14           31           --          --          --
  Male (female)                 62(3)               36(12)       21(5)        7 (3)        10(4)       22(9)        --           --          --          
  Age                           64.2±8.3            62.8±9.3     70.2±6.6     82.8±7.7     68.1±10.8   66.3±8.8     --           --          --          
  Duration of disease (years)   na                  1.8±2.1      3.5±4        --           4.9±2.6     na           --           --          --          
  UPDRS                         5.1                 32.9         39.6         --           27.7        na           --           --          --          
  MoCA                          25.5                27.1         18.2         --           27.3        na           --           --          --          
  exo α-synuclein (pg/mL)       26.69±12.8          22.36±9.5    25.34±10.6   17.23±4.6    10.72±4.5   12.48±5.1    --           --          --          
  exo Clusterin (ng/mL)         10.01±5.2           7.85±3.6     9.56±4       6.99±3       6.84±3.2    11.25±2.6    --           --          --          
  exo Syntenin-1 (ng/mL)        32.85±27.1          43.31±21.6   38.29±22     28.10±10.5   14.77±5.8   33.40±15.9   --           --          --          
  Kiel                          No of individuals   --           155          15           --          --           113          --          --          --
  Male (female)                 --                  96(59)       11(4)        --           --          72(41)       --           --          --          
  Age                           --                  67.5±9.3     73.9±8.2     --           --          59.0±4.8     --           --          --          
  Duration of disease (years)   --                  9.30±6.1     14.4±6.6     --           --          na           --           --          --          
  UPDRS                         --                  23.44        39.2         --           --          na           --           --          --          
  MoCA                          --                  27.54        18.47        --           --          na           --           --          --          
  exo α-synuclein (pg/mL)       --                  29.32±20.5   36.57±24.4   --           --          12.72±6.1    --           --          --          
  exo Clusterin (ng/mL)         --                  10.60±6.4    12.77±5.9    --           --          8.08±5.2     --           --          --          
  exo Syntenin-1 (ng/mL)        --                  25.65±20.3   38.82±22.5   --           --          18.81±12     --           --          --          
  Brescia                       No of individuals   --           27           4            11          --           --           65          35          45
  Male (female)                 --                  17(10)       2 (2)        7 (4)        --          --           38(27)       18(17)      27(18)      
  Age                           --                  65.0±9.4     71.0±15.8    68.6±4.9     --          --           62.5±7       68.0±7.5    61.1±7.2    
  Duration of disease (years)   --                  na           18.5±5.8     3.4±3.0      --          --           2.9±2.5      2.8±1.8     1.9±1.3     
  UPDRS                         --                  20.11        39.75        na           --          --           na           24.48       22.30       
  MoCA                          --                  26.78        16.50        na           --          --           na           21.40       22.49       
  exo α-synuclein (pg/mL)       --                  25.61±19     20.96±5.4    16.87±3.1    --          --           12.60±4      9.20±4.9    9.93±3.7    
  exo Clusterin (ng/mL)         --                  7.56±5.8     6.39±4.8     6.15±5.2     --          --           22.22±10.5   18.42±8.8   16.16±6.1   
  exo syntenin-1 (ng/mL)        --                  22.95±10     15.92±3.9    20.05±5.3    --          --           20.81±20.9   44.31±23    54.73±25    

Data represent the mean at the time of sample collection. UPDRS and MoCA were available in 48% of HC.

\*Post-mortem cases

CBS, corticobasal syndrome; DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; HC, healthy controls; MoCA, Montreal cognitive assessment; MSA, multiple system atrophy; na, not applicable; PD, Parkinson's disease; PDD, Parkinson's disease with dementia; PSP, progressive supranuclear gaze palsy; RBD, rapid eye movement sleep behaviour disorder; UPDRS, Unified Parkinson\'s Disease Rating Scale.

Exosome immunocapture {#s2-2}
---------------------

Blood samples from the three centres were collected during the patient assessment, the serum was isolated, aliquoted and frozen at −80°C until further use. All samples were sent on dry ice and processed in a blinded fashion at Oxford. All samples went only one freeze-thaw cycle. For exosome isolation a three-step sequential spin (300 g for 10 min, 2000 g for 20 min and 10 000 g for 30 min) was used to remove cellular debris, proteins aggregates and fatty material in the serum. 0.5 mL of supernatant, that is, precleared serum, was transferred to protein low-binding tubes (Eppendorf) for immunocapture using anti-L1CAM antibodies (ab80832, Abcam) preconjugated to poly(carboxybetaine methacrylate) (pCBMA) coated beads that were generated to reduce non-specific adsorption (see [online supplementary figures 1--4](#SP1){ref-type="supplementary-material"}) for assay development). The immunobeads were incubated at 4°C overnight on a rotating mixer and bead-exosomes complexes were collected by magnetic separation and washed successively with 0.05% Tween-20 in PBS and PBS. Isolated exosomes were lysed in 1% triton X-100 in PBS with 4% protease inhibitors for 15 min at room temperature for exosomal protein quantification. Exosomes were extracted in batches with disease and control samples distributed into each batch, followed by sample blinding. Although we did not quantify enrichment for neuronal proteins in our preparations, our mass spectrometry analysis and immunoblotting confirmed the presence of neural cell adhesion molecule and L1CAM in immunocaptured exosomes as shown in [online supplementary figure 3](#SP1){ref-type="supplementary-material"}. Our isolation protocol and its validation followed MISEV2018 recommendations.[@R21] Based on the detection of syntenin-1 and tsg101 in vesicle lysates ([online supplementary figure 3C](#SP1){ref-type="supplementary-material"}) and estimated average size around 100 nm by nanoparticle tracking analysis ([online supplementary figure 4](#SP1){ref-type="supplementary-material"}), our preparations consist of extracellular vesicles with characteristics of exosomes, herein referred to as exosomes

Detection of exosomal proteins {#s2-3}
------------------------------

Electrochemiluminescence (ECL) was performed in 96-well Meso Scale Discovery (MSD) U-Plex plates that enable multiplexing of markers in the same exosome preparation. All steps were performed at room temperature. Three unique linkers for the selected markers (syntenin-1, clusterin and α-synuclein) were used according to the manufacturer's protocol. After three washes, detection antibodies with Sulfo-TAG-labelling were incubated for 1 hour. Following washes and addition of MSD Read buffer the plates were read using the MSD-ECL platform (QuickPlex SQ 120) and data were analysed with the MSD Discovery Workbench 3.0 Data Analysis Toolbox. Antibody pairs for clusterin and α-synuclein were provided by MSD and preconjugated with biotin and ruthenium tag. Additive-free anti-syntenin-1 goat polyclonal antibody (PAB7132, Abnova) and anti-syntenin-1 rabbit monoclonal antibody (ab236071, Abcam) were conjugated with biotin and ruthenium and used as capture and detection antibodies, respectively. For phosphorylated α-synuclein at serine129 (pSer129) detection, the antibody pair used consists of a biotinylated antibody against pSer129 α-synuclein (11A5, purified from PTA-8222 hybridoma cell line, American type culture collection) acting as capture antibody and a ruthenium labelled antibody against total α-synuclein (4B12, Biolegend) acting as the detection antibody. For combined exosomal α-synuclein, clusterin and syntenin-1 we developed triplex MSD and demonstrated specific detection of these markers in immunocaptured exosomes ([online supplementary figure 5](#SP1){ref-type="supplementary-material"}) and consistency of the test when the same sample was tested on two separate occasions 6 months apart ([online supplementary figure 6](#SP1){ref-type="supplementary-material"}). For all assays, we assessed dynamic range and lower limit of detection ([online supplementary figures 7,8](#SP1){ref-type="supplementary-material"}).

Statistical analysis {#s2-4}
--------------------

For multiple comparisons, we performed non-parametric statistical testing as the data were not normally distributed (Kruskal-Wallis one-way analysis of variance with the Dunn test for post hoc comparison between individual pairings) using Prism 8 Graphpad (San Diego, USA). Relationships between exosome markers and disease duration, gender, Montreal cognitive assessment (MoCA) scores and UPDRS motor scores were analysed with bivariate correlation using Pearson's correlation coefficients. To assess the performance of the proposed biomarker in separating α-synucleinopathies from controls and define cut-off values, we used the Kiel and Brescia cohorts as a training group (n=314) and the Oxford cohort as a validation group (n=105). Data from these groups were analysed using receiver operating characteristic. The 'optimum' cut-off point was determined by Youden's index, that is, the value associated with the maximal value of sensitivity +specificity−1. Values with p\<0.05 were regarded as significant. Logistic regression analysis was used to determine the best combination of different protein markers (clusterin and α-synuclein) for discriminating between diagnostic groups or sets of subgroups. Longitudinal samples were analysed using linear mixed model to investigate the correlation between biomarker concentration and duration, with sample at first visit treated as baseline. The robust regression and outlier removal method was applied to test for outliers. Logistic regression and linear mixed model were performed using MATLAB (MATLAB and Statistics Toolbox Release 2014a The MathWorks, Natick, Massachusetts, USA).

Data availability {#s2-5}
-----------------

Anonymised individual participant data and the study protocol will be shared with qualified parties on request to the corresponding author.

Results {#s3}
=======

Neuron-derived exosomal α-synuclein is increased across the spectrum of Lewy body diseases {#s3-1}
------------------------------------------------------------------------------------------

We blindly analysed serum samples from 664 subjects across the spectrum of Lewy body pathology by assaying patients in the prodromal, motor and dementing stage. To this end, we separated the PD participants according to MoCA scores, corrected for education into those with pure motor PD or PD with cognitive impairment. Cognitive impairment within the PD cohorts was defined as MoCA screening score of less than 21/30[@R22] at the time of sample collection. Thus, we subsequently analysed blindly subgroups of motor PD (n=230) or PD with cognitive impairment referred to herein as PD dementia, PDD (n=45). We also included a group of 21 cases with the clinical diagnosis of DLB, 10 of which were confirmed at autopsy. A group of idiopathic RBD without motor signs (n=65) was also used as a surrogate of prodromal PD as prospective cohort studies have observed a very strong association between RBD and subsequent clinically defined α-synucleinopathy, with up to 80% of cases converting primarily to PD or DLB.[@R23] We found that α-synuclein was elevated in RBD, PD and DLB exosomes by \~twofold compared with controls MSA or other proteinopathies ([figure 1A](#F1){ref-type="fig"} and [table 1](#T1){ref-type="table"}). Specifically, α-synuclein content in L1CAM-positive exosomes is similarly elevated (data shown as mean±SD) in RBD (26.69±12.82 pg/mL), motor PD (27.44±18.82 pg/mL) and PD with dementia (PDD 26.76±17.25 pg/mL) when compared with healthy subjects (HC, 12.71±5.93 pg/mL). α-Synuclein was also elevated in DLB (17.23±4.58 pg/mL). We demonstrated the association between increased release of α-synuclein in neuronal exosomes and Lewy body pathology by testing sera taken pre-mortem in autopsy confirmed control and DLB cases (n=10 per group). In these two subgroups, mean neuronal exosome-associated α-synuclein was 17.60±5.86 pg/mL in DLB and 10.50±4.60 pg/mL in controls (1.7-fold increase, p=0.0097). As expected, exosomal α-synuclein concentration was much lower compared with reported levels of free total α-synuclein in blood (10--17 ng/mL).[@R3] Interestingly, neuron-derived exosomal α-synuclein was not elevated in any of the cases with MSA (10.72±4.49 pg/mL), a disease characterised primarily by oligodendroglial pathology, despite the fact that MSA samples were collected and processed using an identical procedure to PD samples.

![Neuron-derived exosomal α-synuclein is increased across the spectrum of Lewy body pathology. (A) Boxplots of mean total α-synuclein across the spectrum of conditions with Lewy body pathology (RBD, motor PD, PDD, DLB), MSA and unrelated neurodegenerative diseases (FTD, PSP, CBS) as well as age-matched and sex-matched controls. Twofold increase in the content of α-synuclein was detected in L1CAM-positive exosomes isolated from conditions characterised by Lewy body pathology. (B) At the lowest detectable concentration (0.32 pg/mL), pSer129 α-synuclein was detected in a subgroup of PD patients that were tested (55.8%). No significant correlation was seen between total exosomal α-synuclein and either UPDRS (C), r=0.0267) or MoCA (D), r=0.0621) in PD patient samples. \*\*P\<0.01, \*\*\*P\<0.001, \*\*\*\*P\<0.0001. Mean values with IQR of exosomal markers and whisker range using SD with coefficient of 1 were used in the boxplots. CBS, corticobasal syndrome; DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; PD, Parkinson's disease; PDD, Parkinson's disease with dementia; RBD, rapid eye movement sleep behaviour disorder.](jnnp-2019-322588f01){#F1}

To assess the abundance of neuron-derived exosomal α-synuclein in unrelated neurodegenerative diseases, we included patients with FTD (n=65) which is pathologically characterised primarily by tau or TAR DNA binding protein 43 (TDP-43) aggregation, and patients with PSP (n=35) and CBS (n=45) who present with atypical parkinsonism and pathologically are characterised by fibrillar aggregates of four repeat tau. We found that α-synuclein content in L1CAM-positive exosomes from these diseases is similar to HC as shown in [figure 1A](#F1){ref-type="fig"} (FTD, 12.60±4.03 pg/mL; PSP, 9.20±4.90 pg/mL; CBS, 9.93±3.68 pg/mL).

In 226 subjects (18 RBD, 77 PD, 36 PDD, 11 DLB, 69 HC, 15 FTD), we also asked whether elevated α-synuclein in Lewy body disease is phosphorylated at serine 129 (pSer129) in L1CAM-positive exosomes and has a value as a blood-based biomarker. pSer129 α-synuclein is the main disease-associated modification that accounts for more than 90% of α-synuclein found in Lewy bodies.[@R25] With an estimated cut-off value of 0.32 pg/mL for the lowest detectable concentration for this assay ([online supplementary figure 8](#SP1){ref-type="supplementary-material"}), pSer129 α-synuclein was elevated in a subgroup of 43 patients with PD (55.8% of total PD tested, [figure 1B](#F1){ref-type="fig"}). In this PD subpopulation, pSer129 α-synuclein did not correlate with UPDRS (r=0.2149, p=0.1717) or MoCA (r=0.0081, p=0.9591). Unlike previous studies,[@R9] we did not detect any significant correlation between total exosomal α-synuclein and either UPDRS (r=0.0267) or MoCA (r=0.0621) as shown in [figure 1C, D](#F1){ref-type="fig"}.

α-Synuclein in serum neuronal exosomes from Parkinson's patients is consistently elevated across cohorts {#s3-2}
--------------------------------------------------------------------------------------------------------

To further assess the consistency of neuronal exosome-associated α-synuclein in differentiating clinical PD from healthy subjects across populations, we applied a two-stage design model: a training group of 314 subjects from the Kiel and Brescia cohorts was used to identify an optimal cut-off value, which was then applied to an independent validation group of 105 subjects from the Oxford cohort. This revealed that at 14.21 pg/mL, the assay exhibits a consistent performance (training vs validation) with an area under the curve of 0.86, sensitivity of 0.82 vs 0.85, specificity of 0.71 vs 0.74, and positive predictive value of 0.83 vs 0.89 and negative predictive value of 0.72 vs 0.68 as shown in [figure 2](#F2){ref-type="fig"}.

![Estimation of cut-off values of neuronal exosome-associated α-synuclein between cohorts. Boxplots of mean exosomal α-synuclein levels and corresponding ROC curves in training (A) and validation groups (B). When an exosomal α-synuclein cut-off value ≥14.21 pg/mL estimated from the training group (Keil and Brescia) was applied to the validation group (Oxford), assay performance analysis revealed a consistent result across populations with similar area under a curve (AUC), sensitivity (senS), specificity (spec), positive (PPV) and negative (NPV) predictive values in distinguishing clinical PD from controls as shown in panel C). HC, healthy controls; PD, Parkinson's disease; ROC, receiver operating characteristic.](jnnp-2019-322588f02){#F2}

α-Synuclein and clusterin measurement improved the predictive value of the exosome test {#s3-3}
---------------------------------------------------------------------------------------

Our mass spectrometry analysis identified clusterin as an abundant exosome-associated protein ([online supplementary figure 3E](#SP1){ref-type="supplementary-material"}), which is a known risk gene[@R26] for Alzheimer's dementia and was shown to interact with TDP-43 and tau in functional studies.[@R28] We, therefore, hypothesised that the quantification of clusterin in neuronal exosomes may aid the stratification of patients. We found that clusterin was elevated in FTD (20.22±10.47 ng/mL), PSP (18.42±8.84 ng/mL) and CBS (16.16±6.07 ng/mL) ([figure 3A](#F3){ref-type="fig"}) but not elevated in RBD (10.01±5.22 ng/mL), clinical PD (9.72±6.02 ng/mL), MSA (6.84±3.24 ng/mL) or HC (8.67±4.92 ng/mL). The differential abundance of clusterin in unrelated proteinopathies suggests that integration of clusterin in a blood-based exosome test could be of value in distinguishing PD patients from tau-related atypical parkinsonian syndromes ([figure 3B](#F3){ref-type="fig"}). This is demonstrated in the heatmap ([figure 3C](#F3){ref-type="fig"}) that summarises the overall trend of the biomarkers (mean concentrations were used) across different patient groups when normalised to HC. In contrast, the generic exosomal protein syntenin-1 did not exhibit a disease-specific distribution with sufficient separation to contribute as a biomarker ([online supplementary figure 9](#SP1){ref-type="supplementary-material"}).

![Neuron-derived exosomal clusterin is increased in tauopathies and when combined with α-synuclein improved the differential diagnosis. (A) Clusterin (CLU) release in serum neuronal exosomes is increased in FTD, PSP and CBS but not RBD, PD, PDD, DLB, MSA or age-matched and sex-matched controls. (B) Ratio of α-synuclein to clusterin improved the separation between Lewy body pathology and alternative proteinopathies. (C) Heatmap illustration of exosome profiles using α-Syn, Clu or α-Syn/Clu differentiating between diseases. The change in the concentration of each exosome marker was normalised to the value of HC. ROC analysis of individual markers and their ratio or linear regression analysis of composite measurements revealed an additive effect of the two biomarkers in differentiating prodromal or clinical PD from alternative proteinopathies as shown in (D, F) or MSA as shown in (E, G) Clinical PD refers to the combined group of PD and PDD. \*\*P\<0.01, \*\*\*P\<0.001, \*\*\*\*P\<0.0001. AUC, area under a curve; CBS, corticobasal syndrome; DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; HC, healthy controls; MSA, multiple system atrophy; PD, Parkinson's disease; PDD, Parkinson's disease with dementia; PSP, progressive supranuclear gaze palsy; RBD, rapid eye movement sleep behaviour disorder; ROC, receiver operating characteristic.](jnnp-2019-322588f03){#F3}

To further evaluate the clinical potential of combined α-synuclein and clusterin measurements in L1CAM-positive exosomes as biomarkers, we assessed α-synuclein to clusterin ratio and applied a logistic regression model for the combination of these markers across all cohorts. The composite α-synuclein and clusterin measurement exhibited an improved AUC, sensitivity and specificity estimates for differential diagnosis in predicting clinical PD versus other proteinopathies, with an AUC=0.98 (sensitivity 0.94; specificity 0.96), even in the prodromal phase of PD (RBD vs other proteinopathies, AUC=0.98, sensitivity 0.95, specificity 0.93) as shown in [figure 3D, F](#F3){ref-type="fig"} and [online supplementary table 2](#SP1){ref-type="supplementary-material"}. This measurement also exhibited a high performance in distinguishing prodromal or clinical PD from MSA (AUC=0.94 and 0.91 respectively) as summarised in [figure 3E, G](#F3){ref-type="fig"}.

Longitudinal trajectories of exosomal α-synuclein and clusterin with disease progression {#s3-4}
----------------------------------------------------------------------------------------

To investigate the variability of neuron-associated exosomal markers within an individual over the course of the disease, we blindly analysed prospective longitudinal samples from the Oxford cohort. A linear mixed model was applied to fit the longitudinal values of neuron-derived exosomal α-synuclein and clusterin with time from first sampling as a covariant, and patients stratified by level at initial visit in relation to median value. Longitudinal sample numbers for PD, PDD and controls are summarised in [figure 4](#F4){ref-type="fig"}. Overall, the gradient did not differ significantly from zero for either stratum of α-synuclein or clusterin when comparing clinical PD (PD or PDD or combination) or controls. This analysis indicates that neuron-derived exosomal α-synuclein levels remain elevated within individuals with PD in three subsequent visits spanning over a period of 40.3±8.5 months from initial sampling with persistent separation from controls as shown in [figure 4](#F4){ref-type="fig"}.

![Longitudinal analysis of exosome-associated α-synuclein and clusterin. Linear mixed model of exosomal α-synuclein (A) and clusterin (B) was fitted to the longitudinal values with time from first sampling as a covariant, and patients stratified by level at initial visit in relation to median value. Persistent separation between disease subgroups and controls but no overall significant difference in the gradient from zero was identified when comparing α-synuclein in clinical PD to control samples. Clinical PD refers to the combined group of PD and PDD. Patient characteristics and p values are summarised in C. HC, healthy controls; PD, Parkinson's disease; PDD, Parkinson's disease with dementia.](jnnp-2019-322588f04){#F4}

Discussion {#s4}
==========

Our results show for the first time that as a single cross-sectional measurement, serum neuronal exosome-associated α-synuclein and clusterin performs best as a predictive marker of PD versus atypical parkinsonism including MSA in clinical and prodromal PD, outperforming any previously reported blood-based assay or CSF total or pathogenic α-synuclein.[@R3] This enhanced performance of our serum neuronal exosome test across samples collected at multiple sites is at least in part due to our improved immunocapture assay using zwitterionic coating, a surface that resists non-specific binding.[@R30] Although exosomal α-synuclein per se was not sufficiently sensitive and specific to be used as a diagnostic marker, we show that this readout is consistent when tested across PD populations from three countries and stable over disease progression when assessed within individuals suggesting that it could be considered as a pharmacodynamic biomarker for α-synuclein targeting therapies in PD. Together with previous work in Alzheimer's disease (AD),[@R31] our findings demonstrate that protein cargoes in L1CAM-positive extracellular vesicles exhibit distinct composition in neurodegenerative diseases that predate the clinical phase and offer a promising means to develop blood-based predictive markers of the relevant brain pathology.

Our finding of increased neuronal exosome α-synuclein levels in PD and PDD compared with controls by \~2fold is broadly in line with a previously reported twofold increase in motor PD compared with controls when tested in smaller patient groups or single cohorts.[@R9] This consistent change across three studies firmly establishes that increased exosomal α-synuclein is a validated disease-relevant observation in PD. Unlike previous studies, our data indicate that neuron-derived exosomal α-synuclein content does not correlate with clinical parameters when assessed in larger number of patients across cohorts. Instead, we found that neuronal exosome α-synuclein levels are elevated early in the disease process as exemplified in patients with RBD, a group at high risk of developing PD, and remain elevated with disease progression. These findings regarding α-synuclein in neuronal exosomes would be consistent with neuropathological studies, showing that the average number of dopaminergic neurons with Lewy bodies is stable with disease progression[@R33] and diffuse α-synuclein pathology does not always correlate with clinical symptoms.[@R34] We confirmed the association between serum neuronal exosome content and brain Lewy pathology in cases with postmortem diagnosis of diffuse Lewy body disease. Interestingly, neuron-derived exosomes from MSA serum did not exhibit a similarly increased α-synuclein despite the fact that the samples were collected and processed using identical procedures. One explanation is that α-synuclein in MSA accumulates primarily in oligodendrocytes and therefore, it is not released by neurons in L1CAM-positive exosomes as seen in PD. Alternatively, MSA pathology is mainly confined to the central nervous system whereas Lewy body pathology also affects the enteric or other autonomic neurons early in PD.[@R2] Therefore, it is possible that α-synuclein in L1CAM-positive exosomes may arise at least partly from neurons outside the brain. This is not per se a limitation in their utility as a biomarker and further validation of our findings could establish this blood-based marker in the differential diagnosis of PD from MSA, even in the prodromal phase.

Our observations in clinical samples mechanistically suggest that jettison of α-synuclein from neuronal tissues is a specific pathophysiological response across the spectrum of PD that precedes the clinical diagnosis. Accordingly, pSer129 α-synuclein was not consistently detected in neuronal exosomes from blood except in a PD subgroup. Thus, at least in the early stages of disease, exosomal release appears to concern primarily non-pathogenic forms of α-synuclein. PD genetics indicate that protein trafficking to endosomes and lysosomes is relevant to the pathogenic cascade.[@R36] Exosomes are derived from intraluminal vesicles within maturing (late) endosomes, also known as multivesicular bodies (MVB). The content of MVB is typically destined for degradation when they fuse with lysosomes or released as exosomes when they fuse with the plasma membrane. It is therefore possible that progressive failure of intraneuronal trafficking from endosomes to lysosomes leads to increased exosomal release of α-synuclein. This model would be consistent with a number of cell-based studies, which showed that α-synuclein is trafficked to endosomes and undergoes lysosomal degradation[@R37] whereas inhibition of lysosomal function increased α-synuclein release in exosomes in conditioned media.[@R40] Based on this model, the reported decrease in CSF total α-synuclein in PD[@R3] could be secondary to an adaptive efflux into serum exosomes in response to defective intraneuronal processing of the protein.

We identified clusterin by mass spectrometry as an abundant protein in neuronal exosomes. Clusterin is a risk gene for Alzheimer's-type dementia[@R26] and a stress-induced chaperone in numerous pathological processes. Although total serum clusterin is elevated in AD, this association is controversial[@R42] and may involve Aβ-independent pathways.[@R43] Recent studies have shown that increased clusterin levels correlate with tau pathology in AD brain[@R44] and clusterin expression is protective by reducing TDP-43 or tau aggregation in fly models.[@R28] We found that exosomal clusterin levels were elevated in FTD, PSP and CBS, three neurodegenerative diseases that are characterised pathologically by primarily tau or TDP-43 proteinopathy and minimal α-synuclein pathology.[@R45] Integration of clusterin quantification with α-synuclein improved the separation of patients with predominantly tau pathology. Because concomitant proteinopathies are frequently found in dementias,[@R45] clusterin in combination with α-synuclein could be especially useful in identifying those patients most likely to benefit from therapies targeting intraneuronal α-synuclein.

The finding that neuron-derived exosomal α-synuclein is consistently elevated across populations and remains elevated within individuals with PD when tested in three subsequent visits spanning over a period of 40.3±8.5 months, suggests that measurements of the neuronal exosome content of α-synuclein in serum could be used as a proxy to its intraneuronal processing and thus a potential marker for monitoring disease-modifying therapies that target intraneuronal α-synuclein in brain, especially in the early stages of PD. Given the high risk of RBD conversion to PD[@R46] and the wide acceptance of RBD patients as potential candidates for neuroprotective therapies against PD, our study also defined the parameters for an easily accessible, objective readout of underpinning Lewy pathology in this group of prodromal PD. Notably, combined measurements of neuronal exosome content of α-synuclein and clusterin improved the predictive test value of a primary intraneuronal α-synucleinopathy in prodromal PD from an alternative proteinopathy (AUC=0.98) or MSA (AUC=0.94). Therefore, in the right clinical context, assaying of neuron-derived exosomal α-synuclein and clusterin in serum is a predictive blood-based test to differentiate PD from atypical parkinsonism that could be introduced in clinical trials targeting at-risk populations.
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